Chemical and biochemical sensors are presently the subject of extensive research and development for a wide variety of applications in environmental, industrial and biomedical monitoring. During the recent past, there has been an increasing demand for biosensors towards the determination of clinical parameters in biological fluids, such as blood, urine and serum. In this context, a number of biosensors for the estimation of glucose, urea, lactate, cholesterol etc. have been developed. [1] [2] [3] [4] [5] Lactate biosensors are found to be important for estimating the lactate levels in clinical biology and in food-processing industries. The lactate level in blood is known to find applications in sports medicine, and indicates various pathological states, such as respiratory insufficiencies, as well as heart and liver diseases. [6] [7] [8] Several materials, such as polymeric films/membranes, gels, carbon, graphite, silica and conducting polymers, have been utilized to fabricate optical, thermal, piezoelectric and electrochemical biosensors. [9] [10] [11] [12] Among these, electrochemical biosensors are most popular among researchers because they combine the specificity of biological systems with the advantages of electrochemical transduction. [13] [14] [15] These may involve mediated or unmediated electrochemistry. Conducting polymers have been widely used as a transducing material in unmediated electrochemical biosensors because of considerable flexibility in their chemical structure and redox characteristics, which help in rapid electron transfer at the electrode surface. [16] [17] [18] Sol-gel derived materials have recently attracted much interest. This has been due to their excellent processability, ability to form films and chemical inertness for several biological applications, such as biocompatible implants, biomineralization and biosensors. [19] [20] [21] [22] In this context, the sol-gel technique has recently attracted much attention for optical as well as electrochemical sensing. [23] [24] [25] Lev et al. 26 presented a brief account of sol-gel electrochemistry and its evolution. They described sol-gel based modified electrodes, solid electrolytes, electrochromic devices and corrosion protection coatings. A screen-printable "ink" has been prepared by dispersing the enzymes along with graphite powder and a binder (hydroxylpropyl cellulose) in a sol-gel solution.
Introduction
Chemical and biochemical sensors are presently the subject of extensive research and development for a wide variety of applications in environmental, industrial and biomedical monitoring. During the recent past, there has been an increasing demand for biosensors towards the determination of clinical parameters in biological fluids, such as blood, urine and serum. In this context, a number of biosensors for the estimation of glucose, urea, lactate, cholesterol etc. have been developed. [1] [2] [3] [4] [5] Lactate biosensors are found to be important for estimating the lactate levels in clinical biology and in food-processing industries. The lactate level in blood is known to find applications in sports medicine, and indicates various pathological states, such as respiratory insufficiencies, as well as heart and liver diseases. [6] [7] [8] Several materials, such as polymeric films/membranes, gels, carbon, graphite, silica and conducting polymers, have been utilized to fabricate optical, thermal, piezoelectric and electrochemical biosensors. [9] [10] [11] [12] Among these, electrochemical biosensors are most popular among researchers because they combine the specificity of biological systems with the advantages of electrochemical transduction. [13] [14] [15] These may involve mediated or unmediated electrochemistry. Conducting polymers have been widely used as a transducing material in unmediated electrochemical biosensors because of considerable flexibility in their chemical structure and redox characteristics, which help in rapid electron transfer at the electrode surface. [16] [17] [18] Sol-gel derived materials have recently attracted much interest. This has been due to their excellent processability, ability to form films and chemical inertness for several biological applications, such as biocompatible implants, biomineralization and biosensors. [19] [20] [21] [22] In this context, the sol-gel technique has recently attracted much attention for optical as well as electrochemical sensing. [23] [24] [25] Lev et al. 26 presented a brief account of sol-gel electrochemistry and its evolution. They described sol-gel based modified electrodes, solid electrolytes, electrochromic devices and corrosion protection coatings. A screen-printable "ink" has been prepared by dispersing the enzymes along with graphite powder and a binder (hydroxylpropyl cellulose) in a sol-gel solution. 27 Such a solgel ink has been used to fabricate strip-type glucose-sensing electrodes. Revzin and coworkers 28 have recently fabricated glucose, lactate and pyruvate sensor arrays by depositing electrostatically complexed monolayers on lithographically patterned, individually addressable gold microelectrodes. They used photolithographic techniques in combination with metal deposition to fabricate gold arrays on both SiO2/Si and flexible mylar substrates. The sensitivities of glucose, lactate and pyruvate were found to be 0.26, 0.24 and 0.133 µA/mM, respectively. Though these redundant sensor arrays were reproducible, they were found to have a high standard deviation of response between array members of 18 -20%.
Composites of a conducting polymer and sol-gel are expected to have an excellent combination of properties for various applications. A few reports on the application of conducting polymers, such as polyaniline, polypyrrole and polythiophene, entrapped in sol-gel are available in literature. 29, 30 Verghese et al. 29 have successfully grown polyaniline in porous sol-gel films by an electrochemical method. The presence of electroactive PANI within the porous skeleton of TEOS sol-gel films has been confirmed using cyclic voltammetry, UV-visible, IRspectroscopy and scanning electron microscopic measurements.
In the present paper, we report on the results of our systematic studies carried out on the technical development of an electrochemical lactate biosensor based on electrochemically entrapped polyaniline into sol-gel derived tetraethyl orthosilicate (TEOS) films coated on ITO glass plates. The ITO/sol-gel/PANI electrodes were utilized to fabricate a lactate biosensor based on lactate dehydrogenase. A sol-gel/PANI composite obtained through electro-entrapment was found to provide environmental stability to the biosensor. Increased stability and linearity of the biosensor were also observed before and after PVC coating.
Experimental

Reagents and solutions
Tetraehylorthosilicate (TEOS), hydrochloric acid and aniline were procured from E-Merck. L-Lactate dehydrogenase-type XI from rabbit muscle (E.C.1.1.1.27) lyophilized and β-nicotinamide adenine dinucleotide (Grade III) sodium salt were obtained from Sigma Chemical Company. L-Lactic acid sodium salt was obtained from Fluka. Aniline was predistilled and other reagents were used without further purification. All other chemicals used were of analytical grade.
Preparation of sol-gel derived TEOS films
A solution of TEOS, water and HCl was prepared by mixing them in a molar ratio of TEOS:H2O:HCl = 10:11:0.05. The contents were stirred at 300 rpm using a magnetic stirrer for approximately 5 h in a stoppered glass vessel. The clear solution thus obtained was used as a stock solution. The solution was further diluted in methanol (1:3). About 100 µl of the diluted stock was placed on an ITO-coated glass plate (area 4 cm 2 ) and spun at 2800 rpm by a spin coating method. These films were then dried at 200˚C for 10 -15 min.
Electroentrapment of polyaniline
Polyaniline was electrochemically deposited in a twoelectrode system. ITO/sol-gel films were used as a working electrode and platinum foil was used as a counter electrode. The electrolyte consisted of 1 M HCl containing aniline. Polymerization was carried out in a galvanostatic mode using a current density of about 2 mA/cm 2 for about 10 min.
Immobilization of LDH
A stock solution (10 mg/ml) of lactate dehydrogenase (EC 1.1.1.27, Type XI extracted from rabbit muscle) was prepared by dissolving LDH in a phosphate buffer (0.1 M, pH 7.0). Fifty microliters of 1:100 dilution of the stock solution were physically adsorbed onto sol-gel/PANI films and left overnight to dry.
Coating of PVC
A 10% solution of PVC was prepared in tetrahydrofuran for the coating of sol-gel/PANI/LDH electrodes. A dip coating technique was utilized for external PVC covering over the solgel/PANI/LDH electrodes.
The electrodes were dipped vertically in the PVC solution for about 15 s, drawn at the speed of 1 cm/min and then allowed to dry in air. The electrodes were kept at 4 -10˚C in a refrigerator when not in use.
Activity measurements
The activity of the sol-gel/LDH and sol-gel/LDH/sol-gel films was carried out by a photometric assay using a UV-visible spectrophotometer (Shimadzu 160A). The reaction mixture consisted of 2 ml of phosphate buffer (0.1 M), 1 ml of lactate (5 mM) and 100 µl of nicotinamide adenine dinucleotide (NAD, 0.02 M). The enzyme activities in the sol-gel/PANI/LDH films with and without a PVC coating were estimated at room temperature by putting these films in a cuvette and measuring the increase in the absorbance at 340 nm (NADH) at an interval of 1 min for about 10 min.
Response measurements
The response of the sol-gel/PANI/LDH electrodes was studied before and after PVC coating. The reaction solution consisted of lactate and 100 µl of NAD. Amperometric measurements were carried out at room temperature by applying a bias voltage at the enzyme electrode and allowing the transient currents to reach steady state values. The amperometric current was measured using a Keithley Electrometer (Model 617) by applying a bias voltage of 0.4 V.
Results and Discussion
Activity measurements
The activity of the sol-gel/PANI/LDH electrodes was measured before and after PVC coating. LDH immobilized on sol-gel/PANI films catalyzes the following reaction Lactate + NAD LDH NADH + Pyruvate.
(
NADH produced in the reaction was monitored at 340 nm. A regular increase in the absorbance of NADH at 340 nm was observed, which might be attributed to diffusion of the substrate/product through the film. Films coated with PVC were observed to have an even more proportional variation, showing a diffusion-controlled phenomenon. This implies that the external PVC coating plays an important role in the resulting activity and response measurements by regulating the diffusion of the substrate (lactate and NAD) and products (pyruvate and NADH).
Electrochemical response measurements
The response curves for both uncoated and PVC coated solgel/PANI/LDH electrodes are shown in Fig. 1 . The reaction mixture (5 ml) consisted of lactate and NAD (0.02 M). LDH immobilized on the electrodes converts L-lactate upon a reaction with the co-enzyme NAD + to pyruvate and NADH. Thus produced NADH is oxidized to NAD + on the sol-gel/PANI electrodes at 0.4 V, where PANI can act as an electron acceptor.
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The calibration curve of the sol-gel/PANI electrodes not coated with PVC shows a linear increase in the response when the lactate concentration is increased from 1 mM to 4 mM. Thereafter, a much smaller increase in the response current is eventually observed, leading to a steady state response. With sol-gel/PANI electrodes having an external PVC layer, an extended linearity in the response with increasing concentration of lactate is observed from 1 mM to 10 mM. Solgel/PANI/LDH electrodes without a PVC coating showed higher response currents as compared to those coated with an external PVC-layer. This may be attributed to the reduced availability of the substrate to the enzyme in PVC coated electrodes, because it has to diffuse through the external PVC layer, indicating that it acts as a rate-limiting layer during the reaction. Figure 2 shows that non-coated electrodes have a typical linear dependence in the Eadie-Hofstee curve (I vs. I/C) whereas the PVC-coated electrodes have a response which is directly proportional to the lactate concentration. An almost vertical line parallel to the Y-axis is obtained. It can be concluded that PVC-coated electrodes have diffusion control over the observed electrochemical as well as the optical response. These results are also in agreement with those reported earlier. 9 The sensitivity of sol-gel/PANI electrodes varies from 1.6 to 3.47 µA/mM of lactate, whereas PVC-coated sol-gel/PANI electrodes have a sensitivity varying from 0.8 to 1.55 µA/mM of lactate.
Effect of the applied voltage
In order to eliminate the effect of overpotentials on the oxidation of NADH, the conducting polymer (PANI) has been entrapped in sol-gel films. PANI may act as an electrontransferring medium at a lower potential. The effect of the operating potential on the response of sol-gel/PANI electrodes for 1 mM, 5 mM and 10 mM of lactate is shown in Figs. 3(a) , and (b). The electrochemical response was measured by using a bias voltage varying from 0.25 V to 0.6 V to the enzyme electrodes in a phosphate buffer (0.1 M, pH 7) and lactate. Solgel/PANI/LDH electrodes coated with a PVC layer were found to have a low response current compared to those without a PVC coating. Figure 3(a) shows that with increasing operating potential, sol-gel/PANI/LDH electrodes show an increase in the response current, and a significant difference in the response with the lactate concentration is observed.
For solgel/PANI/LDH electrodes coated with PVC ( Fig. 3(b) ), the response current in the presence of NAD (0.02 M) increases linearly up to 0.4 V. These results indicate that a potential lower than 0.45 V can be used as the operating potential for response measurements.
Effect of the pH
Knowing the optimum pH of an enzyme electrode is very important because enzymes are known to remain active only in a limited pH range, with a definite pH optimum. Therefore, the electrochemical response of electrodes to 5 mM L-lactate containing NAD (0.02 M) was investigated at an operating potential of 0.4 V. The effect of the pH on the response of solgel/PANI/LDH films with and without a PVC coating has been shown in Fig. 4 . It can be seen that sol-gel/PANI/LDH films without a PVC coating have a maximum response at pH 7.5, whereas those with an outer PVC layer have a maximum response at pH 8. The observed optimum pH for solgel/PANI/LDH electrodes might be due to a combined effect of the enzyme stability, which may be irreversibly destroyed on both sides of the optimum pH, the effect on the reaction rate and the effect on the maximum affinity of the enzyme with the substrate. The pH optimum in the case of PVC-coated electrodes has been found to be shifted towards a more alkaline side compared to that obtained for uncoated electrodes (pH optimum 7.5). This may be attributed to influxing/effluxing effects of the substrate and products through the PVC layer, resulting in a change in the micro-environment of the enzyme. These results indicate that the external PVC layer can act as a diffusion-controlling layer for the response of solgel/PANI/LDH electrodes for the detection of lactate.
Effect of interferents
It is known that the presence of glucose, uric acid, ascorbic acid and glutamic acid etc. may affect the response of a biosensor. Therefore, we carried out experiments to observe the response of sol-gel/PANI/LDH films with and without a PVC coating in the presence of glucose (100 mg/dl), ascorbic acid (25 mg/dl), uric acid (35 mg/dl) and glutamic acid (25 mg/dl). The results obtained for these studies are given in Table 1 . It can be seen that the effect of interferents was much more in the sol-gel/PANI/LDH films compared to films coated with PVC. This may be attributed to the fact that the external PVC layer acts as an external diffusion layer, and therefore does not greatly affect the response. Table 2 describes the characteristics of a sol-gel/PANI/LDH electrodes based lactate biosensor with a PVC coating and without a PVC coating.
Conclusions
The conducting polymer (PANI) can be successfully entrapped electrochemically on TEOS derived sol-gel films obtained through spin coating on ITO coated glass plates. These solgel/PANI films have been used to fabricate a lactate biosensor based on LDH. The linearity of the lactate biosensor has been shown to be increased (1 mM to 10 mM) by applying an external PVC coating. These sol-gel/PANI/LDH electrodes show a response time of about 60 s, and are found to be stable for about 6 -8 weeks.
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ANALYTICAL SCIENCES NOVEMBER 2003, VOL. 19 Fig. 4 Effect of the pH on sol-gel/PANI/LDH electrodes to 5 mM lactate before a PVC coating ( ) and after a PVC coating ( ). 
